A disintegrin and metallopeptidase domain 3 (ADAM3) is a sperm membrane protein reported to be critical for both sperm migration from the uterus into the oviduct in vivo and sperm binding to the zona pellucida in vitro. In order for ADAM3 to be expressed on the sperm surface, the interaction with testisexpressed gene 101 (TEX101), a glycosylphosphatidylinositol (GPI)-anchored protein, is essential. Without TEX101, ADAM3 is degraded during sperm transition through the epididymis. However, it is also known that TEX101 has to be shed and to disappear from testicular germ cells (TGCs) by the GPI-anchored protein-releasing activity of angiotensin-converting enzyme (ACE) for the correct localization of ADAM3 on the mature sperm surface to take place. Here, we found that in a mouse line with a disruption for another testis-specific GPI-anchored protein, lymphocyte antigen 6 complex, locus K (LY6K), the male mice became infertile and demonstrated a phenotype similar to that found in Adam3
INTRODUCTION
A disintegrin and metallopeptidase domain 3 (ADAM3) is a cysteine-rich, glycosylated membrane protein, and Adam3 gene-disrupted (Adam3 -/-) male mice are infertile because the ability of sperm to migrate into the oviduct was impaired, as was the ability of sperm to bind to the zona pellucida (ZP) in vitro [1, 2] . Whereas the detailed role of ADAM3 and its uniqueness in sperm fertilizing ability remain unknown, the mechanism of ADAM3 maturation during spermatogenesis has been well documented by using gene knockout (KO) mice. When ADAM3 is cotranslationally translocated into the endoplasmic reticulum (ER) of spermatids, testis-specific chaperones, CALMEGIN/CALSPERIN (CLGN/CALR3), cooperate with PDI-like protein in testis (PDILT) and promote the folding and disulfide bond formation of ADAM3 [3, 4] . CLGN is also required for the heterodimerizaiton of ADAM1A and ADAM2, and the generated heterodimer is considered to work as an ADAM3-specific chaperone [5] .
Another well-studied mechanism is the part of subcellular localization of ADAM3, which is regulated by angiotensinconverting enzyme (ACE) and testis-expressed gene 101 (TEX101). ACE was reported to have a glycosylphosphatidylinositol (GPI)-anchored protein-releasing (GPIase) activity, and this distinctive enzymatic activity was postulated to be associated with male fertility [6] . However, the putative GPIanchored proteins that could serve as targets for ACE remained unidentified. From the phenotypic similarity that mutant spermatozoa are not able to migrate through the uterotubal junction (UTJ) in vivo and to bind to the ZP in vitro, we analyzed and found that the distribution of ADAM3 was atypical in Ace -/-spermatozoa [1, 7] . Further study revealed that TEX101 is the specific target for ACE's GPIase activity, and disruption of TEX101 during spermatogenesis results in normal-looking but fertilization-incompetent spermatozoa, due to a deficiency of ADAM3 on the sperm plasma membrane [8] . These results indicate that both the binding and the shedding of TEX101 from ADAM3 are prerequisites for the correct localization of ADAM3 on the sperm surface.
Lymphocyte antigen 6 complex, locus K (LY6K) was found as one of the TEX101-interacting proteins in testis [9] . Later experiments proved that LY6K is a GPI-anchored protein that became detectable on the testicular germ cell (TGC) membrane but disappeared from epididymal spermatozoa [10, 11] . Whereas LY6K was found as a testis-cancer antigen and has been studied as a therapeutic target, its physiological function in vivo is poorly characterized. In the present study, we first examined the interactions between LY6K, TEX101, and ADAM3 during spermatogenesis. To further dissect the role of LY6K in vivo, we produced a Ly6k-disrupted mouse line and investigated the effects on male fertility. Finally, the maturation of ADAM3 in the Ly6K -/-mice was examined to assess the importance of ADAM3 for sperm fertilizing ability.
In the past, more than 10 independent KO mouse lines were shown to have the same phenotype as that observed in the Adam3 -/-mice. Interestingly, in all of these cases the infertility could be explained by the aberrance of ADAM3 on the sperm surface [12, 13] . These findings indicated ADAM3 as an ultimately essential factor for sperm fertilizing ability. However, we recently reported a novel sperm protein, PMIS2, which could be equally responsible for sperm fertilizing ability as ADAM3, because Pmis2 -/-males were infertile and PMIS2 was found to disappear from spermatozoa in Adam3, Clgn, and Calr3 mutant mouse lines, as far as has been tested [14] . The importance of PMIS2 for sperm fertilizing ability was also assessed in the Ly6K -/-mice in the study.
MATERIALS AND METHODS

Animals
All animal experiments were approved by the Animal Care and Use Committee of the Research Institute for Microbial Diseases, Osaka University. The Ly6k-disrupted mouse line has been submitted to RIKEN BRC (http:// www.brc.riken.jp/inf/en/index.shtml) and is available to the scientific community. Other knockout mouse lines (Adam3, Clgn, Calr3, Pdilt, Tex101, and Ace) were as described previously [3, 4, 7, 8, 15] .
Antibodies
The anti-LY6K polyclonal antibody and anti-ADAM5 polyclonal antibody were kindly provided by Dr. Yoshihiko Araki (Juntendo University) [10] and Dr. Chunghee Cho (Gwangju Institute of Science and Technology) [16] , respectively. The monoclonal antibodies used here were as described previously: TES101 for TEX101 [8, 17] , 1D5 for ACE, KS64-10 for SLC2A3, and KS64-125 for IZUMO1 [4, 7, 8] . The others were purchased from Chemicon (7C1 for ADAM3 and 9D for ADAM2) and Santa Cruz Biotechnology (sc-9757 for BASIGIN and sc-25778 for GAPDH). Rabbit antisera against PMIS2 were as described previously [14] .
Immunoblotting
Immunoblot analysis was performed as described previously [7] .
Immunoprecipitation
Immunoprecipitation was performed as described previously [3] .
Construction of Ly6k Expression Vector
The cDNAs encoding the mouse Ly6k gene were amplified by PCR using wild-type (WT) testis cDNA as a template. The PCR primers used were: 5 0 -AATCTAGAGCCGCCATGGCGTTCCTAGTGGCCTTG-3 0 and 5 0 -TTGAATTCTTACAGCAGGCAGAGGGCTGAG-3 0 for Ly6k. The amplified Ly6k cDNA fragment was introduced into a modified pCAGGS vector [18] (pCAG1.1) containing the CAG promoter and a rabbit globin poly(A) signal. Tex101 and Ace expression vectors used were described in our previous paper [6, 8] .
Transfection of 293T Cells
Transient transfection into 293T cells with plasmid DNA was performed as a standard transfection method using calcium phosphate. Total cell lysates, which were generated 44-48 h after transfection, were extracted with Triton X-100 and used for Western blotting.
Construction of Ly6k Gene-Targeting Vector
A 2.5-kb NotI-XhoI fragment as a short arm and a 5.1-kb AscI-PacI fragment as a long arm were obtained by PCR using genomic DNA derived from C57BL/6N mice as a template. The PCR primers used were: 5 0 -AGCGGCCGCCTTGTTGACTGAAGGAATCTACAAGAGAGG-3 0 and 5 0 -TCTCGAGCTGTTGAGGAAAGGAGCGAGTGG-3 0 for the short arm; and 5 0 -AGGCGCGCCGTCACAGAAGGACCTGGATCATGC-3 0 and 5 0 CCTTAATTAATGAAGAAGGTTTCTCAACAAGGCACC-3 0 for the long arm. Both arms were inserted into a pNT1.1 vector (http://www.ncbi. nlm.nih. gov/nuccore/JN935771). After linearization with NotI digestion, the targeting vector was electroporated into EGR-G01 (129S2 3 [CAG/Acr-EGFP] C57BL/ 6NCr) embryonic stem (ES) cells [19] , and colonies were screened.
FIG. 1. Testicular germ cell-specific protein LY6K disappeared from TGCs in Tex101
-/-mice. A) LY6K was detected in TGCs separated using Percoll density gradient centrifugation, and not in testicular spermatozoa (TS), or in caput, corpus, or cauda epididymal spermatozoa. To compensate for a reduced abundance of spermatozoa, 25 lg of extracts was loaded in the lane for the caput epididymis, whereas 5 lg was used in others. B) Testicular germ cells from both WT and Adam3 -/-mice (500 lg) were immunoprecipitated (IP) with anti-LY6K antibody and examined by Western blotting with antibodies against ADAM1b, ADAM2, ADAM3, TEX101, and LY6K. Testicular germ cell lysates (20 lg) were loaded as the input control. LY6K associated not only with TEX101 but also with ADAM3 in the testis. C) Western blot analysis was performed using whole-3 testis lysates (20 lg). Although LY6K disappeared from Tex101 -/-testis, the disruption of Adam3, Clgn, Calr3, and Pdilt did not affect the amount of LY6K in the testis. D) LY6K remained on cauda epididymal spermatozoa in Ace -/-mice, whereas LY6K became undetectable for WT spermatozoa. TEX101, a LY6K-associated protein, also remained on Ace -/-spermatozoa [8] . BASIGIN was used as a loading control.
FUJIHARA ET AL.
Fertility Testing and Sperm Migration Assay in Ly6k
-/-Mice Sexually mature male mice of the Ly6k
, and Ly6k -/-genotypes were caged with (C57BL/6N 3 DBA/2) F(1) (also known as B6D2F1) female mice (.2 mo old) for 2 mo, and the number of pups in each cage was counted within a week of birth. Copulation was confirmed by checking for vaginal plugs every morning. Sperm migration analysis was performed as described previously [1, 20] .
Sperm-ZP Binding Assay
Sperm-ZP binding assay was performed as described previously [7] . Briefly, after mixing with spermatozoa, eggs were fixed with 0.25% glutaraldehyde and the bound spermatozoa were observed with an Olympus IX-70 fluorescent microscope after Hoechst 33258 staining.
In Vitro Fertilization
In vitro fertilization using mouse spermatozoa was performed as described previously [3] .
Sperm Deposition into the Oviduct
Sperm deposition into oviducts was performed as described previously [21] . After 24-27 h, eggs were collected by flushing the oviducts, and the fertility rate was calculated.
Trypsin Treatment
To analyze extracellular or intracellular localization of target proteins, trypsin treatment was performed as described previously [3] . Samples were analyzed by reducing SDS-PAGE and were immunoblotted with anti-ADAM2 or anti-ADAM3 antibodies.
Phase Separation of Sperm Triton X-114 Extracts
Phase separation of sperm Triton X-114 extracts was performed as described previously [7] .
Statistical Analysis
All values are shown as the mean 6 SD of at least three independent experiments. Statistical analyses were performed using Student t-test inserted into Excel after the data were tested for normality of distribution.
RESULTS
Fate of LY6K in Tex101
-/-Testis
In WT mice, LY6K was reported to be expressed in TGCs [10] . However, when we separated the germ cells by differentiation stage, we found that LY6K disappeared from testicular spermatozoa (Fig. 1A) . In addition, as seen with TEX101 [8] , LY6K interacted with ADAM3 but did not appear to interact with ADAM1b or ADAM2 (Fig. 1B) . We next examined the relationship between LY6K and testis-specific ER chaperones and found that LY6K is expressed in Clgn, Calr3, Pdilt, and Adam3 mutant testis (Fig. 1C) [3, 4, 15] .
We have previously reported that the GPIase activity of ACE releases TEX101 protein, and this removal is required for the correct localization of ADAM3 on the sperm surface [8] . In the present study, we also found that LY6K remained on Ace -/-spermatozoa, like TEX101 (Fig. 1D) . However, when recombinant TEX101 was released by ACE in 293T cells, LY6K was not (Supplemental Fig. S1 ; all Supplemental Data
FIG. 2. Male-specific infertility in Ly6k
-/-mice. A) The mouse Ly6k gene consists of four exons and maps to chromosome 15. To disrupt the Ly6k gene, exons 2 À3, and 4 were replaced with a neomycin-resistant cassette (neo), and a thymidine kinase cassette (tk) was used for negative selection. After G418/ganciclovir selection, 2 of 192 drug-resistant clones were found to be homologous recombinants by PCR analysis. Screening primers were: 
Ly6k
-/-males copulated normally but failed to induce pregnancy. The total number of plugs observed is shown in parentheses. At least four males were used for each genetic background. Pregnancy rate ¼ number of pregnant mice/number with vaginal plugs. *Significantly different from WT, P , 0.0001.
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are available online at www.biolreprod.org). From this, coupled with the fact that LY6K disappeared from the testis in Tex101 -/-mice (Fig. 1C) , we reasoned that LY6K could influence sperm fertilizing ability through an interaction with TEX101 and ADAM3.
Generation of Ly6k -/-Mice
To analyze the physiological function of the LY6K protein, we generated Ly6k gene KO mice using a targeting vector substituting exons 2, 3, and 4 with a neomycin-resistant gene cassette (neo) in reverse orientation relative to the Ly6k transcriptional unit (Fig. 2A) . The correct targeting event in ES cells and germ line transmission was confirmed by PCR analysis (Fig. 2B) . Mating between heterozygous F(1) mice yielded the expected Mendelian ratios of offspring: 23 WT ( þ/þ ), 51 heterozygous ( þ/-), and 27 homozygous ( -/-) mutants. No overt developmental abnormalities were observed in Ly6k -/-mice. The LY6K protein disappeared in the Ly6k -/-testis ( Fig. 2C) , but the testicular weights of Ly6k -/-male mice (108.9 6 10.3 mg; n ¼ 10) were similar to those of Ly6k þ/þ (116.6 6 13.7 mg; n ¼ 10) and Ly6k þ/-(108.3 6 7.9 mg; n ¼ 10) animals (Supplemental Fig. S2A ). Disruption of LY6K caused no deleterious effect on testicular histology (Supplemental Fig. S2B ). Spermatozoa produced by mutants were morphologically normal and able to undergo the acrosome reaction (Supplemental Fig. S2C ).
Fertilizing Ability of
, and Ly6k -/-males were mated with WT females, respectively, for 2 mo. Whereas the Ly6k þ/þ and Ly6k þ/-male mice were fertile, the Ly6k -/-males were infertile, despite showing normal mating behavior with successful ejaculation and vaginal plug formation (Fig. 2D) .
Ly6k
-/-female mice were fertile as expected, because of Ly6K being a testis-specific gene [11] .
To further characterize the sperm fertilizing ability in vitro, cumulus-free eggs were prepared and mixed with spermatozoa from the Ly6k -/-mice. We found that disruption of LY6K resulted in the loss of ZP-binding ability in spermatozoa (Ly6k þ/þ , 59.7 6 9.2 spermatozoa per egg; Ly6k -/-, 1.8 6 1.2
FIG. 3. Fertilizing ability of Ly6k
-/-spermatozoa. A) The number of spermatozoa from Ly6k -/-males binding to the ZP was decreased significantly, despite frequent collisions. Mean 6 SD (n ¼ 4). *Significantly different from WT, P , 0.001. B) Micrograph of ZP-binding spermatozoa using cumulus-free eggs. Bar ¼ 100 lm. C) Spermatozoa from Ly6k -/-males could fertilize cumulus-intact eggs. Mean 6 SD (n ¼ 3). D) Uteri and oviducts from WT females mated with Ly6k þ/þ (WT) and Ly6k -/-(KO) males carrying fluorescent protein-tagged spermatozoa indicated the failure of Ly6k -/-spermatozoa to pass through the UTJ. Photos were taken 2 h after coitus. Bar ¼ 500 lm. E) Spermatozoa from Ly6k -/-male mice showed normal fertilizing ability. When capacitated spermatozoa were directly deposited in the oviducts of superovulated females with a fine glass needle under a dissecting microscope. Eggs were collected 24-27 h after the sperm deposition, and two-cell-stage embryos were judged as fertilized. Mean 6 SD (n ¼ 4).
FUJIHARA ET AL. spermatozoa per egg; Fig. 3, A and B) . However, when we used cumulus-intact eggs, both Ly6k þ/þ and Ly6k -/-spermatozoa fertilized eggs as effectively as WT spermatozoa (Ly6k þ/þ , 85.1% 6 12.5%; Ly6k -/-, 87.4% 6 9.2%; Fig. 3C ). We then crossed the Ly6k -/-mice with a transgenic mouse line in which the acrosome and mitochondria could be visualized by EGFP and DsRed2, respectively [20] , to further investigate the behavior of spermatozoa in vivo. When we observed the ejaculated spermatozoa through the wall of the female reproductive tract, we found equal amounts of spermatozoa from the uterus of females mated with Ly6k þ/þ and Ly6k
-/-males, respectively. However, the spermatozoa from the latter were unable to migrate into the oviduct (Fig. 3D) .
To reconfirm that the cause of infertility of Ly6k -/-mice was a failure of sperm migration into the UTJ, we deposited capacitated spermatozoa (incubated in TYH medium [22] for 120 min) directly into the oviduct. When eggs were recovered from the oviducts 24 h later, 52.5% 6 26.3% (n ¼ 99) of the eggs were fertilized by Ly6k -/-spermatozoa, whereas 41.0% 6 34.2% (n ¼ 117) were fertilized by WT spermatozoa (Fig. 3E) . This characteristic phenotype was reminiscent of that seen in Tex101 -/-and Adam3 -/-male mice [3, 8] .
ADAM3 in Ly6k -/-Spermatozoa LY6K and TEX101 interact with each other, and the disruption of TEX101 caused the disappearance of LY6K (Fig.  1C) . Conversely, the disruption of LY6K did not affect the presence of TEX101 in the testis (Fig. 4A) . Notably, ADAM3 did not disappear from Ly6k -/-mouse spermatozoa, unlike the multitude of previously reported KO mouse lines [12] , which share the same infertility phenotype (Fig. 4B) . It was also indicated that ADAM3 was processed and presented on the sperm surface normally in Ly6k -/-mice. This is thought to be due to ADAM3 being digested by extracellular trypsin treatment as seen in WT TGCs (Supplemental Fig. S3 ). Moreover, ADAM3 in Ly6k -/-spermatozoa was mainly distributed in detergent-enriched phases of Triton X-114 extracts, and no overt differences were observed in WT and Ly6k -/-spermatozoa (Fig. 4C) .
DISCUSSION
In the present paper, we showed that Ly6k -/-male mice share the same infertile phenotype with the 12 precedent KO mouse lines (Ace [7] , Adam1a [23] [8] , and Tpst2 [27] ). Initially, we assumed that we had found a 13th gene that affects the existence of ADAM3 on the sperm surface. Interestingly, however, Ly6k -/-mouse spermatozoa had a different characteristic. LY6K is not expressed in mature spermatozoa (Fig.  1A) ; therefore, it could not be directly responsible for regulating sperm passage through the UTJ and/or binding to the ZP of cumulus-free eggs (Fig. 3) . In addition, we have also found LY6K to be present in Clgn, Calr3, and Pdilt mutant mouse lines (Fig. 1C) ; thus, the role of LY6K is considered to be independent from the ER chaperone quality control pathway for ADAM3.
Previously, we reported that TEX101 was a specific substrate for ACE's GPIase activity, and that the disruption of ACE impaired the removal of TEX101 from spermatozoa and caused the aberrant distribution of ADAM3 on the sperm surface [7, 8] . As shown in Figure 1D , LY6K that normally disappears from epididymal spermatozoa remained together with TEX101 in Ace -/-mice. Because LY6K is also a GPIanchored protein, this seemed to indicate LY6K may be
FIG. 4. ADAM3 was present and processed normally in Ly6k
-/-mice. A and B) Western blot analysis of lysates of whole testis (A) and cauda epididymal spermatozoa (B). All of the fertilization-related proteins examined were detected in Ly6k -/-testis and cauda epididymal spermatozoa. C) Triton X-114 extracts of cauda epididymal spermatozoa were examined after separation into detergent-depleted and detergentenriched fractions. The ADAM3 protein normally localized in both fractions was found in WT and Ly6k -/-spermatozoa. ZPBP1 (which localizes to the acrosomal matrix) and IZUMO1 (which contains a transmembrane domain) were used as control proteins, and they were distributed in the detergent-depleted and detergent-enriched phases, respectively. D) Summary for the fate of ADAM3 in three genes: Ace, Tex101, and Ly6k KO mouse lines. ADAM3 was processed from a testicular form (110 kDa) to an epididymal form (42 kDa) in the epididymis. ADAM3 was distributed in both the detergent-depleted and detergent-enriched fractions in WT spermatozoa.
a Ace -/-mouse line caused the aberrant distribution of ADAM3 in the cauda epididymal spermatozoa after Triton X-114 phase separation [7] .
b In Tex101 -/-mice, ADAM3 was detectable from the caput epididymis. However, ADAM3 was found to have disappeared from the cauda epididymis [8] .
c ADAM3 was present and processed normally in Ly6k -/-mice. The ADAM3 content of Ly6k -/-spermatozoa was slightly decreased from the detergent-enriched phase, compared with that of WT spermatozoa (C). Each symbol indicates the fate of ADAM3 protein (circle, appeared the same as in WT; triangle, disappeared during epididymal transition; and x, disappeared).
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another ACE-specific substrate, but an in vitro analysis using a cell culture system demonstrated that LY6K was not a substrate for ACE (Supplemental Fig. S1 ).
Because LY6K was not a direct substrate for ACE, it was thought that ACE exerted its GPIase activity on the TEX101 component of a TEX101/LY6K complex bound to mouse TGCs ( Fig. 1D and Supplemental Fig. S1 ). The subsequent removal of this complex was required for the correct localization of ADAM3 in mature spermatozoa [8] . This seemed to be the case in Tex101 -/-mice because both TEX101 and LY6K were missing in the TGCs, and ADAM3 expression was impaired [8] . TEX101 did not disappear as required, yet ADAM3 was expressed in Ly6k -/-mice (Fig. 4, A and B) . The distribution of ADAM3 was also unaffected; ADAM3 remained in the Triton X-114 detergent-enriched phase in Ly6k -/-mouse spermatozoa (Fig. 4C) . This is unlike the case of Ace -/-mice, when TEX101 and LY6K were not removed from mature spermatozoa and ADAM3 was aberrantly localized in spermatozoa (Fig. 4D) [7] .
It is noteworthy that PMIS2 also remained in Ly6k -/-spermatozoa (Fig. 4B) . It was recently reported that Pmis2 -/-mice had the same phenotype as the other ADAM3-related KO mouse lines, and PMIS2 was also found to be missing in three other ADAM3-related KOs: Adam3, Clgn, and Calr3 [14] . Taken together, these reports indicate the possibility that novel factor(s) other than ADAM3 could be essential in regulation of sperm migrating ability. When we consider a general mechanism for mammalian fertilization, it should be noted that Adam3 is a pseudogene in humans [28] . However, among the 13 genes (including Ly6k) reported to be involved in the formation of fertilizationcompetent spermatozoa, 10 orthologous genes (Ace, Adam2, Calr3, Clgn, Ly6k, Pdilt, Prss37, Rnase10, Tex101, and Tpst2) are found in humans and expressed in the testes specifically. Combining these facts together, the present paper may point to a common essential factor in mammalian spermatozoa other than ADAM3. The elucidation of the function and relationship of LY6K to these orthologous genes may shed light on human infertility mechanisms, allowing development of better treatment and contraceptive means.
